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VALIDATION OF SCRAMJET EXHAUST SIMULATION TECHNIQUE 
H. B .  Hopkins, W.  Konopka, and J. Leng 
Grumman Aerospace Corporation 
1. INTRODUCTION AND SUMMARY 
T h e  present concept of a scramjet-powered hypersonic vehicle 
employs a hydrogen  burning  engine  integrated  beneath t h e  fuse lage  
a s  shown i n  t h e  sketch  below. It i s  apparent  from  such a design 
t h a t  t h e  engine exhaust gases w i l l  p lay a major r o l e  i n  t h e  d e t e r -  
mination of the aerodynamic forces and moments on the vehicle .  
Calculations of such 'flows involve many simplifying assumptions 
thus making i t  mandatory to  obta in  exper imenta l  da ta  for  des ign  
purposes. One of t h e  most d i f f icu l t   s imula t ion   problems  for   the  
scramjet  exhaust  i s  to  reproduce  the  e f fec t  of  the correct chemis- 
t r y  a l o n g  w i t h  the high total  enthalpy (f l ight  compression p l u s  
combustion  heating)  in  the  exhaust  f low. T o  achieve t h i s  combina- 
t i o n  w i t h  the  t rue combust ion mixture  in  a conventional wind tun- 
n e l  model of reasonable complexity i s  a v i r t u a l  i m p o s s i b i l i t y .  
Late i n  1973 a s tudy was conducted to s e l e c t  a technique for  
scramjet  exhaust  s imulat ion that  had the best  chance for  success  
(Ref. 1). A t  the   conclusion  of   that   s tudy i t  was proposed  that 
the  most  p r a c t i c a l  method  would be the use of  subst i tute  gases  
having  thermodynamic p rope r t i e s  so  a s  t o  behave i n  a manner simi- 
lar to  the  reac t ing  gas  f low from the combustor of a f u l l  s c a l e  
veh ic l e .  Such subs t i tu te  gases  could  be  va l ida ted  by an  exact 
l abo ra to ry  s imula t ion  in  a unique f a c i l i t y  c a l l e d  a detonat ion 
tube  simulator.  T h i s  device i s  i d e a l l y  s u i t e d  t o  scramjet  simula- 
t ion because i t  canbines shock heating of the gas- w i t h  t h e  hea t  of 
combustion to  ob ta in  the  r equ i r ed  to t a l  en tha lpy .  
T h i s  report  descr ibes  experiments  and associated analyses  
aimed a t  proving  the  above  simulation  concept.  Scramjet  combustor 
e x i t  p l a n e  c o n d i t i o n s  f o r  a f l i g h t  Mach number of 8 were dup l i -  
c a t e d  i n  t h e  f a c i l i t y ,  and pressure and heat transfer measurements 
were  obtained  over a s imulated vehicle  af terbody and  cowl. One 
subst i tute   gas   blend  of  42 percent  Argon and 58 percent  Freon 
13B1 was a l s o  r u n  f o r  comparison. In  addi t ion ,  impact  pressure  
surveys were conducted  in  the  f low f ie ld  of both gases, and a mea- 
surement of t h e  infrared radiat ion from the combust ion exhaust  was 
used  to  assess t h e  accuracy w i t h  w h i c h  t h e  d e s i r e d  s t a t e  o f  t h e  
exhaust products had been achieved. 
I 
Results show the concept to be valid. Pressures measured 
a f t e r  a 20 degree  expansion were normalized to  the s ta t ic  pres-  
sure at the nozzle exit, and the ratios agree well  among the com- 
bustion products, substitute gas, and predictions i n  the two d i -  
mensional regions of the flow. The pressures are relatively in- 
s ens i t i ve  to  small changes i n  thermodynamic properties of the 
gases, .but are very sensi t ive t o  flow perturbations caused by noz- 
zle or model nonuniformities. The radiation measurements agree 
well w i t h  p red ic t ims  made before t h e  t e s t s .  
2. DETONATION TUBE SIMULATOR 
The Grumman detonat ion tube s imulator  used for  t h e  measure- 
ment of exhaust flows and validation of t h e  subs t i t u t e  gases  i s  
capable of g iv ing  near ly  cor rec t  chemis t ry  and  to ta l  en tha lpy  for  
t h e  hydrogen/air combustion system throughout the entire proposed 
f l i g h t  regime.  Reynolds  numbers  can e a s i l y  be maintained a t  
f l i g h t  v a l u e s  by running a t  e leva ted  pressures  w i t h  both combus- 
t ion  and  subs t i tu te  gases .  A schematic  of  the  detonation  tube 
f a c i l i t y  i s  shown i n   F i g .  1. It c o n s i s t s  of a 6.1 meter long, 
7.62 cm ins ide  d i ame te r  d r ive r  s ec t ion  in i t i a l ly  sepa ra t ed  f rom 
a 10 meter  long, 12.7 c m  inside  diameter   dr iven  tube by a me-  
t a l l i c  diaphragm. The dr iven  tube i s  terminated by a supersonic 
nozzle designed to produce a flow t h a t  w i l l  match the expected 
ex i t  p lane  condi t ions  of  t h e  proposed  scramjet  engine. The nozzle 
exhaus ts   in to  a 1.83 meter  diameter, 3.66 meter  long t e s t   s e c -  
t i o n .  Mounted wi th in  the  sec t ion ,  and  mating to  the  supe r son ic  
nozzle i s  the  model  afterbody.  For  the  current  proof-of-concept 
experiments,  the upper afterbody surface i s  a f l a t  p l a t e  i n s t r u -  
mented w i t h  33 pressure  t ransducers  and 11 heat   t ransfer   gauges .  
A photograph of  the faci l i ty  i s  shown i n  F i g .  2. The t e s t  s e c t i o n  
can be evacuated pr ior  to  a run  to  any  des i r ed  p res su re  down t o  
5 x 10-5 t o r r .  The f a c i l i t y  h a s  been  designed t o  handle  combusti- 
ble   hydrogen  mixtures   safely.   Various  inter locks and leak  detec-  
t ion  devices  a re  incorpora ted  in to  the  au tomat ic  gas  handl ing  sys-  
tem. Deta i l s  o f  t h i s  system may be  found i n  Ref. 2 .  
Two modes of de tona t ion  tube  opera t ion  a re  poss ib le .  In  the  
f i r s t ,  ca l led  the  inc ident  or  forward- running  de tona t ion  technique  
(Ref. 3 ) ,  t h e  d r i v e r  s e c t i o n  i s  pressurized w i t h  helium to a pres-  
sure high enough to ensure detonation of the combustible gases 
when the main  diaphragm  ruptures. The diaphragm i s  sc r ibed  to  a 
predetermined depth so  t h a t  i t  w i l l  r up tu re  a t  a spec i f i c  p re s -  
sure .  The shock wave formed w i l l  r a p i d l y  become a self-propagating 
detonat ion wave t h a t  w i l l  r e f l e c t  from the nozzle end of the 
driven tube as a shock wave. The gas i s  heated and pressurized by 
the combustion behind the detonation wave and  fur ther  by t h e  
energy addition behind the reflected shock wave. A weak diaphragm 
a t  t h e  e n t r a n c e  t o  t h e  nozzle i s  ruptured by t h e  a r r i v a l  of the . 
i nc iden t  wave and t h e  high energy slug of gas expands through t h e  
nozz le  in to  t h e  t e s t  s e c t i o n .  I n  o r d e r  t o  p r e v e n t  t h e  rapid ex-  
pansion t h a t  exists behind a free-running detonation wave, the 
i n i t i a l  hel ium driver  gas  pressure i s  chosen so  t h a t  when i t  ex- 
pands a f t e r  t h e  rup tu re  of t h e  diaphragm i t s  pressure matches t h a t  
3 
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Fig. 1 Detonation Tube Simulator  Schematic 

immediately  behind t h e  de tona t ion  wave. T h i s  produces  quasisteady 
f low condi t ions for  two to  four  mi l l i seconds .  
The second mode of  operat ion is  c a l l e d  t h e  backward-running 
detonation technique and was used  exc lus ive ly  for  t h e  cur ren t  ex-  
periments. T h i s  technique was deve loped  spec i f i ca l ly  fo r  t he  
simulation of hydrogen/oxygen rocket engine plumes (Ref. 2) where 
t h e  incident  technique would have produced an enthalpy higher t h a n  
t h e  ac tua l  engine  case because of t h e  shock wave heat ing added to  
t h e  heat of  combustion. A very weak shock wave i s  s e n t  i n t o  t h e  
combustible mixture in t h i s  method (through the use of a low 
dr iver  pressure  and weak main diaphragm). The idea  i s  to  prevent  
i g n i t i o n  on the  inc iden t  wave, but  have the gas  igni te  when the  
inc iden t  wave reaches  the  nozzle end  of t h e  tube. The de tona t ion  
wave then  t r ave l s  away from thenozzle back towards the driver sec- 
t ion .  The  expansion  following t h i s  wave drops t h e  pressure and 
e n t h a l p y  i n  t h e  t es t  gas ,  w h i c h  then expands through t h e  nozzle. 
We have  found in  prev ious  work (Ref. 2)  t h a t  t h e  i g n i t i o n  a t  t h e  
end of the tube is  best accomplished by a timed e l e c t r i c a l  s p a r k ,  
a l though under  cer ta in  condi t ions spontaneous igni t ion behind the 
r e f l e c t e d  wave w i l l  occur. 
F o r  r u n n i n g  t h e  i n e r t  s u b s t i t u t e  g a s e s  i n  t h e  d e t o n a t i o n  t u b e  
we r u n  t h e  f a c i l i t y  a s  a convent ional  ref lected shock tunnel .  
That i s ,  t h e  t es t   gas   mix ture  i s  p laced   in   the   d r iven   tube .   Hel i -  
um dr iver  gas  i s  used. The shock wave formed on rupture  of the 
main diaphragm r e f l e c t s  from the nozzle end of the driven tube to 
produce a slug .of high energy gas w h i c h  expands through the nozzle 
i n t o  t h e  t e s t  s e c t i o n .  The s t agna t ion  cond i t ions  o f  t he  subs t i -  
tute  gas  are  determined by t h e  s t r eng th  of the incident  shock wave 
in  the dr iven tube,  which may be e a s i l y  c o n t r o l l e d .  
Detonation Tube/Combustor Nozzle Design 
To dupl icate  the exi t  f low of  t h e  scramjet combustor in t h e  
de tona t ion   t ube   f ac i l i t y ,  a & s c a l e ,  two dimensional  supersonic 
nozzle was designed. The prescr ibed (Ref . 1) nominal  combustor 
e x i t   h e i g h t  was 3.81 cm (13-in.)  and t h e  ex i t   w id th  was 
, 11.43 cm (4+-in.) .  
We used equilibrium real gas thermodynamics properties gener- 
a t ed  by t h e  method of Ref. 4 f o r  a l l  t he  f low f i e ld  ca l cu la t ions  
for  the  combustion  products. The method o f  cha rac t e r i s t i c s  p ro -  
gram of Ref. 5 was used to  des ign  t h e  nozzle  to  produce the exi t  
6 
cohditions  for  the a + f3 = 4" case   spec i f i ed  on page 46 of 
Ref. 1. 
The equations developed for the final contour are given be- 
low (see  sketch)  and t h e  X and 2 coordinates   are  given  in 
Table 1. Figure 3 shows t h e  center l ine  Mach number d i s tr ibut ion  
for  t h i s  nozz le .  The ideal   stagnation  condit ions  are = 1 ,  
a + (3 = 4", P5 = 66 .96  atm, H5 = 578.4 cal/gm. 
20.6 cm 
Exit 
P l a n e  
t 
I * 
- 
"3 ' E x i t  
= 5 . 7 8  cm 
Flow -
Region - 
" 
0 
- 
8.2 cm 28.49 cm X 
S k e t c h  of  Con toured  Nozz le  
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Contour Equations 
( a l l  dimensions i n  i n c h e s )  
Zt = - 1.73925~~ + 1.73925~~ .+ 0.72 
Z = - 0.016528~~ + 0.024792x2 + 0.422417~ + 0.613363 
z = - 0.0085214X3 - 0.0045935X2 + 0.457168X + 0.599991 
z = 0.0013094x3 - 0.053028X2 + 0.535855X + 0.557933 
Z = 0.0027720X3 - 0.063858X2 + 0.561343X + 0.539445 
z = 0.0016840x3 - 0.051337x2 + 0.513396x -I- 0.600525 
Z = 0.0009812X3 - 0.039539X2 + 0.447730X + 0.7216135 
Z . '  = 2.2755 
0 2 x < 0.5 
0.5 5 X 5 1.0 
1.0 < - X < 1.75 
1.75 < X < 3.0 
3.0 < - X < - 4.0 
4.0 X 2 6.0 
6.0 < X < 8.11 
I "  
8.11 5 X ~"11.216 
The subson ic  in l e t  radius   of   curvature  i s  0.635 c m  (0 .25  in . ) .  
'The f i r s t  of 
z =  
t h e  contour   equat ions i s  of the  form 
2 
L L 
where Zo  i s  t h r o a t   h e i g h t ,  el i s  t h e  maximum' 
expansion  angle,  and X 1  i s  t h e  X value a t  81. 
x1 = 2(z1 - zo)co t  el 
T h i s  equat ion i s  i d e a l l y  s u i t e d  f o r  t h e  i n i t i a l  
expansion region of wind tunnel nozzles because 
t h e  f i r s t  and second derivatives are zero a t  n o t  
only X = 0, b u t   a l s o  a t  X = X 1  (Ref.  6). 
For our nozzle we chose Zo  = 1.829 c m  (0.72 in.), 
= 23.5",  and X1 = 1.27 c m  (0.5  in.) .  
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T A B U  1 CONTOUR NOZZLE COORDINATES 
X(cm) 
0 
0 . 1524 
.0.2548 
0.5240 
0.7684 
1.0239 
1.2677 
1 . 5591 
1.9731 
2.2167 
2.4841 
3 . 1039 
( 4  
1.8288 
1.8298 
1.8329 
1.8595 
1.9141 
2 -0015 
2 . 1039 
2.2306 
2.4097 
2 . 5143 
2.6281 
2.8859 
x (cm) 
3.8705 
4.3249 
5.1181 
5 . 7277 
6.4094 
7 . 1610 
7.9926 
8 -8930 
9 . 8458 
10 . 3490 
10.8506 
11.8839 
z (cm)  
3.1897 
3.3604 
3.6401 
3.8395 
4.0475 
4.2583 
4.4701 
4.6761 
4 .,8699 
4.9632 
5.0498 
5.2100 
x(cm) 
12.9088 
13 -90 12 
14 . 8458 
15.7099 
16.4884 
17.4770 
18.3855 
19 . 0150 
20.3040 
20.8679 
28.4879 
19  :65  17 
Z (cm) 
5 . 3462 
5.4577 
5.5466 
5 . 6144 
5 . 6650 
5 . 7150 
5 . 7480 
5 . 7638 
5. 742 
5.7793 
5.7798 
5.7798 
The ex ten t  of  t h e  ex i t  p lane  nonuni formi t ies  ca lcu la ted  for  
t h i s  nozzle i s  i l l u s t r a t e d  i n  F i g s .  4 and 5 where w e  show t h e  e x i t  
plane Mach number and  f low angular i ty  d is t r ibu t ions  for  the  
Q + B = 4" , and Q + @ = 12" cases  for  the  combustion  gas,  and 
f o r  t h e  subs t i t u t e   gas  (42 percent Argon, 58 percent  Freon 13B1) 
designed  to   s imulate  t h e  c1 + f3 = 12" case .   Fo r   t he   subs t i t u t e  
i n  Appendix A.  These nonuniformities seem qu i t e  sma l l ,  bu t  no te  
t h a t  a s  t h e  thermodynamic proper t ies  of  the  gas  devia te  fur ther  
and fu r the r  f rom tha t  fo r  w h i c h  the contour was designed, the non- 
un i fo rmi t i e s  grow s t ronger .  It appears  tha t  there  i s  a weak d i s -  
turbance in  the middle  of the nozzle w h i c h  i s  ba re ly  pe rcep t ib l e  
w i t h  the  design gas ,  but  becomes s t ronger  w i t h  off-design gases.  
- gas ,  thermodynamic d a t a  were  generated  by t h e  procedure  described 
Cowl and Afterbody Model Design 
T h e  model af terbody i s  a f l a t  p l a t e  mounted a t  a angle of 
19.76 degrees from t h e  bottom  edge of t h e  nozzle.  It i s  
76.835 c m  long (30.25 i n . )  and  has a span  of 50.8 c m  (20 i n . ) .  
There are l o c a t i o n s   f o r  38 pressure  transducers  and 11 h e a t  
t ransfer  gauges as shown i n  F i g .  6. 
The  cowl c r o s s   s e c t i o n  i s  shown i n  F i g .  7. It i s  11.887 cm 
(4.68 i n . )  long and a l s o  h a s  a span  of 50.8 cm (20 in . ) .   There 
are l o c a t i o n s   f o r  15 pressure  transducers  and 7 h e a t   t r a n s f e r  
gauges i n  t h e  c m l  model as shown i n  F i g .  7. Figure 8 is  a photo- 
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Fig. 7 Cross-Section and Gauge Locations-Cowl Model 
Fig. 8 Photograph of Model Mounted i n  Test Section 
graph of t h e  cowl and afterbody mounted i n  t h e  t es t  sec t ion  of  t h e  
s imulator .  
For pa r t  o f  t h e  experiments two d i f f e r e n t  sets of extensions 
to  the  nozz le  s ide  walls were employed. I n  one case t h e  walls 
were extended t o  t h e  t r a i l i n g  edge  of t h e  cowl  (11.887 cm) and 
i n  t h e  second t h e  extensions were three times t h i s  length 
(33.661 cm)  . Photographs of t h e  model w i t h  these extensions are 
shown i n  F i g s .  9 and 10,  r e spec t ive ly .  
Instrumentat ion 
Tunnel  opera t ing  condi t ions  for  t h i s  program were monitored 
w i t h  p i ezoe lec t r i c   t r ansduce r s ,   K i s t l e r  models 603L and 607. 
Calibrations were checked w i t h  a deadweight tester and ranges and 
accurac ies  a re  g iven  in  Table  2.  O t h e r  measurement  equipments  are 
l i s t e d  i n  T a b l e  3. 
Model pressures were measured over three ranges w i t h  semicon- 
d u c t o r  s t r a i n  gauge transducers (Kuhlite mod  VQH-250-5 f o r  0 -3 .45  X 
l o4  N/m2,  mod VQI-250-20 f o r  0 - 1.38 x l o 5  N/m2,  and mod VQS-250-200 
f o r  0 - 1.38 x l o6  N/m?). These gauges were cal ibrated s ta t ical ly  
a g a i n s t  a manometer  and  ynamically i n  a 3.81 c m  (13-in.) I D  
shock  tube. The s t a t i c  c a l i b r a t i o n  showed e x c e l l e n t  l i n e a r i t y  
(Fig. 11) w i t h  an accuracy (combined l inear i ty  and repeatabi l i ty)  
of  k0.2 percent .  The dynamic c a l i b r a t i o n  showed agreement w i t h  
t he  s t a t i c  c a l i b r a t i o n  w i t h i n  t h e  e r r o r  limits of the  record ing  in-  
struments  and  shock  tube  accuracy  (better  than +2 percent ) .  The 
pressure t ransducers  have a f i r s t  diaphragm  resonance a t  70 kHz 
and  were f i l t e r e d  t o  5 kHz t o  remove any  diaphragm  and/or  tunnel 
"ringing"  while  preserving a 70 vsec   r i s e   t ime  which  y i e l d s  a 
good dynamic response w i t h i n  t h e  ' 3 msec t e s t  time. 
Heat transfer rates were measured, where possible,with thin 
f i lm heat  t ransfer  gauges (Ref .  7)  t o  an  accu racy  o f  f 7 percent.  
The beat  t ransfer  gauges consis t  of  a thin plat inum f i l m  on a pyrex 
s u b s t r a t e .  We assume t h a t  t h e  s u b s t r a t e  i s  a one  dimensional  semi- 
i n f i n i t e  s l a b  and from measurements of the slab surface temperature 
versus time w e  compute the  loca l  hea t ing  r a t e s  u s ing  ana log  c i r -  
c u i t s  . 
16 
F i g .  9 Model w i t h   S h o r t   S i d e  Plates  
f 
F i g .  1 0  Model   wi th  Long S i d e   P l a t e s  
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TABLE 2 MEASUREMENT ACCURACY 
Tunnel Parameter 
~ ~~ 
Accuracy- 
.2 
1 
p1 
p4 
Tunnel Driven I n i t i a l  P r e s s u r e  
21.38 x 10 5 N / m  2 Tunnel Driver I n i t i a l  P r e s s u r e  
+689 N/m 
p, +3 .lo x 10 N/m Stagnation Pressure 
5 2 
I -I I 
U Incident  Wave Speed inc  
pTP 
Impact Pressure 
; Q  Heat  Transfer  Rate 
+30 m/sec 
kG.89 x 10 4 N / m  2 
+7% 
Range 
\ 
0 3 6.89 x 10 5 N/m 
0 3 1.38 x 10 7 N/m 2 
0 3 1.38 x 10 7 N/m 2 
2 
0 + 900 m/sec 
0 3 6.89 x 10 N/m *I 
0 4 50 gm cal/cm s 2 
TABLE 3 INSTRUMENTATION  AND  DATA  RECORDING  EQUIPMENT 
.” 
Manufacturer 
Kuhlite 
Kuhlite 
Kuhlite 
Kist  ler 
Kistler 
Data  Recording  and  Reduction 
Honeywell 
D.C.S. 
D.C.S. 
D.C.S. 
Hewlett-Packard 
Hewlett-Packard 
Texas  Instruments 
Pressure  Transducers 
Model No. 
- - ”. - . .. 
“_I_ 
VQS-250-200 
VQL-250-20 
VQH-250-5 
603 L 
607 
Max  Range 
1.38 x 10 N/m 6 2 
2 
4 2 
2 
8 2 
1.38 x lo5 ~ / m  
3.45 x 10 N/m 
1.03 x lo7  N/m 
4.13 x 10 N/m 
7600  tape  recorder 
GOV-3, VCO’S 
GMA-5, line  drivers 
GFD-14, discriminators 
A/D converter 
21 MX computer 
700 ASR  terminal  and 
cassette  tape  drive 
, 1.5 MHz bandwidth 
~~ ~ 
1 +2v, +32 kHz 
+1Ov,  +16 kHz 
12 bit, 50  ysec/ 
word 
5 
4 
3 
rl 
0 
3 
2 
1 
. 5 -  
.4 - 
‘ 3  - 
E x c i t a t i o n  5v 
0 Low Range 
A High Range 
L 1 1  1 . 1  t 4 
1 2 3 4 5 6 7 8 9 10 11 
10 20 30 40 50 60 70 80 90 100 110 
- ~~ . 
Pressure ( N / m  ) x 2 
F i g .  11 S t a t i c   C a l i b r a t i o n  of 1 . 3 8  x 10’ N/m’ P r e s s u r e   T r a n s d u c e r  
No. 3-8 
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Data Acquisition and Reduction 
The da ta ,  a f te r  su i tab le  s igna l  condi t ion ing ,  were  recorded  on 
a 35-channel FM multiplex tape system and played back one channel 
a t  a t i m e  for  reduct ion.  Prel iminary data  reduct ion was performed 
by oscillvscope and camera; however, a t  mid-program time a mini- 
* computer  and  12-bit A/D converter  were made ava i l ab le .  The  com- 
pu te r  was used to reduce a l l  subsequent data and reduce much of 
the previous data  tapes .  
The sys tem  s igna l - to-noise   ra t io ,  SlN, was 40 db i n  t h e  
worst   case.   There was, however,  noise  from t h e  combustion  process 
i n   a d d i t i o n   t o  t h e  -40 db  of e l ec t ron ic   no i se .  T h i s  no i se  i s  
noted  in  F ig .  12 w h i c h  i s  a typ ica l  pressure  t race  obta ined  dur ing  
runs w i t h  combustion  products. When w e  assume t h a t  t h i s  no ise  i s  
uncorre la ted  w i t h  t h e  da ta ,  then  averaging  a s i g n i f i c a n t  number of 
samples  leads  to  an improvement i n  S/N.  The  computer  eduction 
system, t h e  most accurate component i n  t h e  measuring system, h a s  a 
50 psec/word throughput rate which i s  s u f f i c i e n t  t o  r e c o n s t r u c t  a n  
analog  s ignal   of  10 kHz.  Our d a t a  were averaged  over  the 3 .  msec 
t e s t  t ime   r e su l t i ng   i n   an   i nc rease   i n  S/N of 7.75/1 or  18 db 
( i . e .  , where 60 i s  the  number of  samples  taken  during  the 
t e s t  time). 
The signal conditioning, recording, and reduction systems 
were c a l i b r a t e d  by i n j e c t i n g  known square waves (1 p e r c e n t )   a t  
t h e  t ransducer  and reducing these as i f  they were data.  When  we 
combine t h e  e l ec t ron ic  no i se  , combustion noise , t ransducer  inaccu-  
racy ,  and recording and reduction system inaccuracy w i t h  the ran- 
dom variat ion  in   tunnel   performance,  we have a 3 percent mean 
error   for   the  combust ion  runs and 2 percent  mean e r r o r  f o r  t h e  
subs t i t u t e  gas  runs .  The bulk of  these errors  are  caused by v a r i -  
ations in tunnel performance and/or combustion noise since a l l  
o the r   con t r ibu t ions  are 1 percent   or  less. 
Flow Visua l i za t ion  
Several  a t t e m p t s  were made a t  o b t a i n i n g  glow photographs on 
combustion  runs. T h e  very  h igh  l igh t  leve ls  assoc ia ted  w i t h  t he  
combustion processes gave us very low c o n t r a s t  on these photos. 
Apparently, t h e  l i g h t  from the s tagnat ion region,  shining through 
t h e  l a r g e  n o z z l e  t h r o a t ,  r e f l e c t s  on t h e  s t a i n l e s s  s t e e l  vacuum 
chamber wa l l s  and scatters throughout the flow, completely over- 
whelming any  var ia t ions  in  l igh t  emanat ing  from the  flow. The 
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Fig. 12 Pressure Trace f o r  Run w i t h  Combustion  Products  Indicating 
Increased Noise Due t o  Flow (each v e r t i c a l  d i v i s i o n  = 10 p s i )  
l i g h t  l e v e l s  were so  high t h a t  a 1 O O : l  n e u t r a l  d e n s i t y  f i l t e r  
had t o  be used w i t h  even the slowest f i l m .  A rough look a t  t h e  
flow w i t h  a spectrograph showed l e s s  i n t e n s i t y  i n  t h e  56001 r e -  
g ion ,  so w e  t r i e d  i n t e r f e r e n c e  f i l t e r s  t o  t a k e  p h o t o s  i n  t h a t  
spec t r a l   r eg ion .   Unfo r tuna te ly ,   l i gh t  from  downstream s t agna t ion  
areas h a s  roughly the same spec t rum a s  t h e  upstream stagnation 
area and t h e  low contrast  problem was repeated a t  a lower l i g h t  
l e v e l  . 
Schlieren photos were not attempted since t h e  l i g h t  l e v e l s  
would "wash out" our w h i t e  spark source.  I f  a pulsed laser  of  the 
r ight  wavelength were a v a i l a b l e  i t  might  be possible  to  obtain 
sch l ie ren  photos  w5th  f i l t e r i n g .  
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3 .  DETONATION TUBE RUNNING CONDITIONS 
Combustion Gas (l?l = 1.0) 
A complete description of t h e  operation, performance, and 
computational procedures involved in determining t h e  de tona t ion  
tube s imulator  running condi t ions i s  given in  Ref .  1. As d i s -  
c u s s e d  e a r l i e r ,  a l l  t h e  canbustion gas data presented herein were 
:obtained using the backward-running detonation technique . 
There are any number of gas mixtures w e  could have used for 
t h e  simulation  (Ref. 1). The p a r t i c u l a r  one we chose was 
0.419 N 2 0  + 0.419 Hz + 0.3619 N2 + 0.0096 A r  
wh ich  would give us t h e  i dea l  s t agna t ion  en tha lpy  a t  an  inc ident  
shock Mach number of  2.5. I n  p r a c t i c e ,  w e  deve loped   re l iab le  
and reproducible  running condi t ions at  an incident  shock Mach  num- 
ber  of  2.16 w h i c h  meant the   s tagnat ion   en tha lpy  was about ” 
36. cal/gm  lower  than  ideal.  The a b s o l u t e  t o t a l  e n t h a l p y  of t h e  
flow i s  many thousands  of  cal/gm  and t h i s  small   decrement  in 
to ta l  en tha lpy  produced  ins igni f icant  changes  in  o ther  thermody- 
namic  and t ranspor t   p roper t ies   o f  t h e  gas The measured  stagna- 
t i on   p re s su re ,  P5, was 1.0688 x l o 7  N / m  (1550 ps ia ) .   Typica l  
s t agna t ion  p res su re  osc i l l o scope  r eco rds  a re  shown in  F ig .  13a  and 
i l l u s t r a t e  t h e  cons tan t  pressure  leve l  ob ta ined  for  about  3 m i l -  
l i seconds.  
‘2 
The measured s t a t i c  p r e s s u r e  a t  t h e  e x i t  of the  nozzle,   P3, 
and on t h e  f l a t  p o r t i o n  of t he  cowl (before the 6 degree bend) was 
7.033 x l o 5  N/m2 (102.0 p s i a ) .  An osc i l l o scope   p i c tu re  showing 
t h i s  measurement i s  presented  in .Fig.   13b.  Based on the  measured 
P5/P1 r a t i o ,  t h e  i d e a l  t o t a l  e n t h a l p y ,  and  assuming  an  isentropic, 
equi ibrium expansion, w e  computed (Ref. 5) t h e  ex i t  p l ane  Mach 
number t o  be  2.37.  Table 4 below p resen t s   t he   s ign i f i can t  r u n -  
ning condi t ions obtained by the procedure outlined previously and 
used for our data reduction and afterbody flow field predictions.  
S u b s t i t u t e  Gas 
The d e t o n a t i o n  t u b e  f a c i l i t y  was ope ra t ed  in  the  r e f l ec t ed  
shock tube or shock tunnel mode (Ref. 1) i n  o r d e r  t o  g e n e r a t e  t h e  
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I$&.& 
Fig.  13a  Oscilloscope  Record  of 
Detonation Tube Stagnat ion 
Pressure ,  P5  (Two Indepen- 
dent  Transducers) . Both 
Beams Horizontal  Sweep: 
1 msec/cm. Both Beams 
Ve t ica  Deflection:  2.61 x 
10 N/m /cm. Combustion Gas 
Run. 
F ig .  13b  Oscilloscope  Record  of 
Combustor Nozzle Exi t  P lane  
S ta t i c   P re s su re ,  P3. Hori- 
z o n t a l  Sweep: 1 msec/cm. 
Vertical Deflect ion:  4.41 x 
105 N/m2/cm. Combustion Gas 
Run. 
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TABLE 4 COMBUSTION  GAS RUNNING CONDITIONS 
@ = 1.0, 01 + @ = 12" ,  + Scale  
I d e a l  
(Ref .  1) 
1.109 x l o 7  
578.4 
3409 
8.18 x 10 5 
2368.0 
2.311 
1.2051 
3.081 x 10 7 
Based on 
Measured P,/P, 
1.0688 x l o 7  
578.4 
3406 
7.033 x 10 5 
2323 .O 
2.371 
1.2081 
2.786 x 10 7 
requi red   s tagnat ion   condi t ions   for  t h e  subs t i tu te   gas   runs .  The 
subst i tute  gas  mixture  chosen was 58 percent Freon 13B1 and 
42 percent  Argon a t  a s tagnat ion  temperature  of 486°K (see 
Ref. 1 f o r  a d iscuss ion  on t h e  s e l e c t i o n  of subs t i t u t e  gas  cand i -  
d a t e s ) .  The incident  shock wave s t rength  required  to   produce t h a t  
s tagnat ion temperature  was computed  from ideal  gas  shock tube 
equations  using  an  average  value of y across   the   inc ident   and  
re f lec ted   shock  waves. The  thermodynamic p r o p e r t i e s  of t h i s  par-  
t i cu la r  subs t i tu te  gas  were  cunputed  us ing  t h e  procedure developed 
i n  Appendix A and are given in  Table  A-1.  To  a c h i e v e  f u l l  s c a l e  
Reynolds number i n  our & s c a l e  t e s t s  we requi red  a s t agna t ion  
pressure  of 4.10 x lo5  N/m2 (59.5  psia) . 
We developed a repea tab le  running  condi t ion  in  our de tona t ion  
t u b e  f a c i l i t y  w i t h  t h i s  subs t i tu te  gas  mixture  w h i c h  gave us a 
measured  stagnation  pressure  of 4.41 x lo5  N/m2 (64  psia)  and a 
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ca lcu la ted   s tagnat ion   tempera ture   o f  464OK. The design  of  our 
f a c i l i t y  i s  such t h a t  i t  i s  m e c h a n i c a l l y  d i f f i c u l t  t o  r u n  a t  p r e s -  
s u r e s  a s  low as t h i s .  Therefore ,  we d i d  n o t  f e e l  i t  was warranted 
t o  spend time r e f i n i n g  t h e  running  condi t ions  fur ther .  
Another problem we encountered  in  making ref lected shock tube 
runs  in  subs t i t u t e  gas  mix tu res  was the slow jump i n  p r e s s u r e  from 
t h e  pressure level  behind t h e  i n c i d e n t  wave t o  t h e  p re s su re  l eve l  
behind t h e  ref lected .shock wave. Typica l  subs t i tu te  gas  s tagna-  
t ion  pressure  records  are shown i n  F i g .  14a and i l l u s t r a t e  t h e  
point.  The basic problem is  t h a t  as t h e  re f lec ted  shock  wave pro- 
pagates back through the boundary layer behind the incident wave, 
t h e  r e f l ec t ed  shock  t ends  to  b i fu rca t e ,  i . e . ,  deve lop  a Mach stem 
conf igu ra t ion ,  ra ther  than s tay normal  to  the wall (Ref. 8 ) .  
Thus,  part  of t h e  gas behind t h e  re f lec ted  shock  i s  processed by 
two oblique shock waves,  instead of by a normal shock wave a s  
ideal  theory  assumes. The  lower  the y of the  gas,   the  worse  the 
b i f u r c a t i o n  becomes. The subs t i t u t e  gas  mix tu res  we are  concerned 
w i t h  have  xtremely low y ' s  ( l e s s   t han  . 1 . 2 ) .  T h i s  b i f u r c a t i o n  
phenomena in t roduces  some u n c e r t a i n t y  i n  t h e  s t a t e  of t h e  gas be- 
hind the reflected shock and was another  reason we did not  a t tempt  
t o  r e f i n e  t h e  s u b s t i t u t e  g a s  r u n n i n g  c o n d i t i o n s .  It should be 
pointed out,  however,  t h a t  i n  a steady flow wind tunnel test  where 
the  subs t i t u t e  gas  w i l l  be drawn d i r e c t l y  from some s o r t  of high 
pressure s t o r a g e  r e s e r v o i r ,  t h e  bifurcat ion problem w i l l  n o t  e x i s t  
and t h e  s u b s t i t u t e  g a s  p r o p e r t i e s  w i l l  be accu ra t e ly  known. 
For these subs t i t u t e  gas  runs  the  s t a t i c  p r e s s u r e  a t  t h e  e x i t  
of t h e  nozzle nd on t h e   f l a t   p o r t i o n  of  the  cowl, P3, measured 
2.76 x lo4  N/m' (4 .0   ps ia ) .  From the  measured P5/P3 r a t i o  and 
th.e ca l cu la t ion  p rocedure  desc r ibed  ea r l i e r ,  we determined the 
Mach number a t   t h e   e x i t   p l a n e   o f  t h e  nozz le   t o  be 2.4. T h i s  
agrees   very  well  w i t h  t h e  value of  2.42 ca lcu la ted   for   our   noz-  
z l e  u s i n g  t h e  two dimensional M-0-C program (Ref. 5) . 
Figure 14b shows a t y p i c a l  cowl s t a t i c  pressure measurement. 
Note t h e  slow r i s e  (= 1 msec) t o   t h e  f i n a l  p r e s s u r e  l e v e l ,  simi- 
lar t o  t h a t  of t h e  s tagnat ion  pressure  records,   Fig.   14a.  
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Fig.  14a  Oscilloscope  Record  of Sub- 
s t i t u t e  Gas Ref lec ted  Shock 
Stagnat ion Pressure,  P5  (Two 
Independent Transducers). 
Both Beams Hor izonta l  Sweep: 
1 msec/cm. Both Beams Vert-  
i c a l   D e f l e c t i o n :  1 .77  x 
105 N/mZ/cm.  
F ig .  14b Oscilloscope  Record  of Com- 
bustor Nozzle E x i t  Plane 
S t a t i c   P r e s s u r e ,  P3. Hori- 
z o n t a l  Sweep: 1 msec/cm. 
Ver t i ca l   Def l ec t ion :  9.86 x 
lo3 N/m2/cm. S u b s t i t u t e  Gas 
Run. 
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4 .  AFTERBODY FLm FIELD PREDICTIONS 
Analysis of t h e  exper imenta l  resu l t s  involved  a cont inuing 
e f f o r t  t o  t a k e  i n t o  a c c o u n t  a l l  of t h e  n o n i d e a l i t i e s  i n  t h e  flow 
and  nozzle  geometry. T h i s  s ec t ion  exp la ins  t h e  many af terbody 
f low f . i e ld  ca l cu la t ions  ca r r i ed  ou t  du r ing  ' t h e  course of t h e  pro- 
gram. 
For t h e  ca l cu la t ions  p re sen ted  a l l  combus t ion  gas  thermody- 
namic da t a  were derived from t h e  computer.program of R e f .  4. Sub- 
s t i t u t e  g a s  thermodynamic data were generated by a new procedure, 
d e s c r i b e d  i n  Appendix A of t h i s  r epor t ,  r a the r  t han  by the pro- 
cedure given in.  t h e  appendix  of Ref . .  1. We found the new proce- 
dure to  be considerably more accura te .  The flow f i e lds  inc lud ing  
the presence of shock waves, were calculated using the two dimen- 
s i o n a l ,  method-of-characteristics program  of  Ref. 5. , T h e  base l ine  
geometry of the afterbody and cowl surfaces was the same as given 
i n  Ref. 1. The coordinate  system i s  shown i n  F i g .  17. 
Af terbody 
- 
Y = 0.7187 x2 + 1.0 
Y = 0.35935 ? + 0.95508 
Cowl 
- 
Y - 0  0 < - x < - 1.11 
- 
Y = -0.4204 x2 + 0.933 2 - 0.518 1.11 < - x < - 1.235 
- 
Y = -0.1051 X + 0.1232 
- - 
w h e r e  Y = Y/Y3, X = X/Y3, and Y3 i s  t h e  height  of t h e  com- 
b u s t o r  e x i t .  
A s  a r e s u l t  o f  t h e s e  c a l c u l a t i o n s  w e  found t h a t  t h e  b a s i c  
af terbody f low f ie ld  and i t s  p r e s s u r e  d i s t r i b u t i o n  were r e l a t i v e l y  
i n s e n s i t i v e  t o  small changes in combustion gas thermodynamic prop- 
e r t ies  and  combustor e x i t  Mach number.  However, small  changes in  
t h e  model  geometry  and three dimensional  s ide expansion effects  
caused major perturbations in t h e  f l ow f i e ld  and pressure disTri-  
but ions.  
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The .  first poin t  i s  i l l u s t r a t e d  i n  F i g .  15. Here w e  show cal-  
c u l a t e d ,  two dimens iona l  pressure  d is t r ibu t ions  for  t h e  b a s i c  
model geometry f o r  three s l ight ly  differe 'nt  combust ion gas  condi-  
t i o n s  . 
Dis t r ibu t ion  A i s  t h e  i d e a l ,  6 scale, M, = 8,  a + p = 12", 
case presented  in  F ig .  14 i n  R e f .  1. D i s t r i b u t i o n  B i s  f o r  t h e  
ideal  f low generated by t h e  detonation tube/combustor nozzle w e  
actually used assuming t h e  i d e a l  s t a g n a t i o n  c o n d i t i o n s ' o f  Distri- 
but ion  A. Dis t r ibu t ion  C i s  for  the experimental  f low condi t ions 
as determined from our measurements of the detonation tube stagna- 
t ion  pressure  (P5)  and  combustor  nozzle  exit   plane  static  pres- 
sure (P3). 
Side Expansion (Three Dimensional) Effects 
To provide a closer comparison w i t h  t h e  a c t u a l  f low,  we e s t i -  
mated the effects of t h e  flow expansion around the side walls on 
t h e  c e n t e r l i n e  p r e s s u r e  d i s t r i b u t i o n .  The two dimensional Mach 
number on t h e  a f te rbody  sur face  was 3.05 a f t e r  t h e  19.76 degree 
t u r n  a t  t h e  ex i t  plane.  We assumed a Prandtl-Meyer  expansion 
s t a r t i n g  a t  t h e  side edge of t h e  nozzle and propagating through a 
uniform flow a t  t h a t  Mach number (see sketch as viewed normal t o  
the af terbody surface) .  Careful  examinat ion of  t h e  Mach cones a t  
C e n t e r  of 
E x p a n s i o n  a t  
E x i t  Plane 
p " Expansion 
Combustor 
Nozz le  
" 
A f t e r b o d y  c1, 
-" 
4.2 
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. DTstribution @ H 5 (-) gm p5(N/m2) M3 
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I 
t h e  combustor ex i t  showed t h a t  f o r  t h i s  case t h e  flow on t h e  su r -  
face was l o c a l l y  two dimensional. Using t h e  two d imens ima l  M-0-C 
program (Ref .  5) w e  c a l c u l a t e d  t h e  p re s su re  d i s t r ibu t ion  a long  t h e  
a f te rbody center l ine ,  normal ized  t h i s  by t h e  undis turbed s t a t i c  
pressure a t  M = 3.05,  and  used t h i s  normal ized  pressure  ra t io  as 
a c o r r e c t i o n  f a c t o r  t o  t h e  two d imens iona l  pressure  d is t r ibu t ion .  
Figure 16 shows a t y p i c a l  two d imens iona l  pressure  d is t r ibu t ion  
c o r r e c t e d  f o r  t h i s  three dimensional  s ide expansion effect .  
As t h e . t e s t  program proceeded we t r i e d  t o  e n l a r g e  t h e  region 
of two dimens iona l  f low by  put t ing  s t ra ight  s idepla tes  on the  com- 
bus tor  nozz le ,  thus  de lay ing  the  s ide  expans ion  ef fec t  un t i l  fur -  
t h e r  downstream (see sketch be.low). 
Center of 
Expansion 
a t  E x i t  
F l a n e  
I 
Combustor I S i d e   P l a t e  
A f t e r b o d y  \ E x p a n s i o n  Wave Sys tem 
From 6' Cowl Bend 
We used t h e  same ca lcu la t ion  procedure  as described above and 
determined a th ree  d imens iona l  p re s su re  r a t io  co r rec t ion  f ac to r  
f o r  t h e  nozzle w i t h  t h e  extended  s ideplates .  The  r e s u l t s  of t h i s  
c a l c u l a t i o n  are a l s o  shown i n  F i g .  16.  Note t h a t  i n  t h i s  case the 
expansion wave system  from t h e  6 degree  bend i n  t h e  cowl i m -  
pinges on t h e  a f te rbody a t  about X/Y3 = 5.0,  before t h e  s ide  ex-  
pansion wave system on the  a f te rbody reaches  the  center l ine .  T h i s  
means t h a t  t h e  side expansion wave Mach l ines  shou ld  be  s l i gh t ly  
curved a f t  of X/Y3 = 5.0,  and w i l l  c r o s s  t h e  c e n t e r l i n e  a l i t t l e  
f u r t h e r  downstream. We did  not  take  t h i s  e f f e c t  i n t o  a c c o u n t ,  and 
assumed a l l  t h e  c h a r a c t e r i s t i c s  were s t r a igh t .  In  the  no - s ide -  
p l a t e  case we a l so  neg lec t ed  t h e  region 0 < X/Y3 < 0.25,  where 
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Fig. 16 Typical Two Dimensional  Afterbody  Pressure  Distribution 
on  the  Centerline  Corrected f o r  Nozzle  Side  Expansion  Effects 
t h e  f low  accelerates   f rom M3 = 2.4 t o  M = 3.05  as it  goes 
around t h e  19.76  degree  afterbody  bend. 
Note t h a t  no s ide  expans ion  cor rec t ion  h a s  t o  be  appl ied  to  
t h e  cowl c e n t e r l i n e  p r e s s u r e  d i s t r i b u t i o n .  The length  of t h e  cowl 
i s  such t h a t  the  leading s ide .expansion characteristic does not 
reach t h e  c e n t e r l i n e  u n t i l  X/Y3 u 4.2. 
Model Geometry E f f e c t s  
A s  discussed  in  t h e  s ec t ion  on expe r imen ta l  p re s su re  d i s t r i -  
bu t ions  ( r e fe r  t o  Sec t ion  5 ) ,  t h e  f i r s t  t e s t  runs were made w i t h  a 
conf igura t ion  t h a t  had rearward  facing.  steps of about 0.8 mm i n  
h e i g h t  a t  t h e  nozzle/model  junctions.   These  steps  arose  through 
t h e  i n i t i a l  r e q u i r e m e n t  t o  i s o l a t e  t h e  model from shock tube re- 
coi l .   Using t h e  two dimensional MIO-C program  (Ref. 5) and  assum- 
ing var ious s ize  and var ious angle  ramps a t  t h e  j u n c t i o n s ,  we were 
a b l e  t o  c a l c u l a t e  p r e s s u r e  d i s t r i b u t i o n s  t h a t  v e r y  c l o s e l y  r e -  
sembled t h e  measured  ones. ( T h i s  program s t o p s  r u n n i n g  i f  a sub- 
sonic  Mach number i s  encountered so  we could not assume square 
s t eps . )  We were able  to  show t h a t  i f  a cer ta in  s t rength  shock  
wave were generated in the uniform flow a t  the combustor  exi t /  
a f te rbody junc t ion ,  i t  would propagate across t h e  f low f ie ld  and 
i n t e r s e c t .  t h e  cowl a t  1 .5  < X/Y3 < 2. The shock wave would then 
r e f l e c t  back through t.he flow f i e l d  and impinge on the  a f te rbody 
a t  'X/Y3 = 7. We imed ia t e ly  r edes igned  the  models t o  e l i m i n a t e  
a l l  s t e p s ,  s a c r i f i c i n g  t h e  r e c o i l  i s o l a t i o n  t h a t  had been shown 
t o  be unnecessary. 
The  a f te rbody pressure  d is t r ibu t ions  f rom the  redes igned  
models s t i l l  had some unexpected dis turbances in  them. We not iced  
t h a t  there seemed t o  be a s l i g h t  f l a r e  a b o u t  one c m  wide on the 
upper surface of the nozzle a t  t h e  ex i t  p l ane .  T h e  f l a r e  had 
about a two degree slope.  We used the two dimensional M-0°C pro- 
gram t o  c a l c u l a t e  a flow f i e l d  w i t h  t h i s  geometry.  Figure 1 7  i s  
a scale, charac te r i s t ics  drawing  showing all t he  wave systems of 
i n t e r e s t .   F i g u r e  18 shows t h e  cor responding   pressure   d i s t r ibu t ion  
on the   a f te rbody  sur face .  Note t h a t  the  Prandtl-Meyer  expansion 
from j u s t  a two degree  expansion  produces a 22 percent   sur face  
pressure  drop  between 3 . 0  < X/Y3 < 3 . 5  and that   the   shock wave 
from t h e  two degree recanpression br ings the pressure back to  i t s  
or ig ina l   va lue .   Exper imenta l   resu l t s  showing t h i s  same e f f e c t  a t  
t he  same loca t ion  a re  p re sen ted  in  the  nex t  s ec t ion .  
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Fig. 18 Afterbody  Surface Pressure Distribution Showing Pressure 
Perturbation Due to a Two-Degree Expansion and  Re-Compression 
The important  thing w e  learned from a l l  t h e s e  c a l c u l a t i o n s  i s  
t h a t  seemingly minor blemishes on model surfaces can cause major 
pe r tu rba t ions  on oppos i te  wal l  p ressure  d is t r ibu t ions  and  w i l l  do 
so  on the  fu l l  sca le  vehic le .  For  example ,  a two degree  Prandtl-  
Meyer expansion  causes  an 11 p e r c e n t   s t a t i c   p r e s s u r e   d r o p   i n  t h e  
free stream. But when such an expans ion  re f lec ts  from a s o l i d  
su r face ,  t h e  surface pressure drop i s  double t h a t  amount. 
37 
5. EXPERIMENTAL RESULTS 
Pres su re  Di s t r ibu t ions  
The goa l  of t h i s  program i s .  t o  v a l i d a t e  t h a t  detonat ion tube 
products  and subst i tute  gases  w i l l  d u p l i c a t e  t h e  p r e s s u r e  d i s t r i -  
buti0n.s from t h e  actual  engine exhaust  on t h e  afterbody/cowl por- 
t i o n  of t h e  vehicle. We c o n c e n t r a t e d  f i r s t ,  t h e r e f o r e ,  on obtain-  
i ng  good d a t a  from t h e  simulated combustion products.  These data 
a t  f i r s t  con ta ined  seve ra l  anomal i e s  t h a t  required understanding 
pr ior  to  a t tempt ing  subs t i tu te  gas  compar isons  . Ult imate ly ,  com- 
parisons  were  obtained  using a 42 percent  Argon and 58 percent  
Freon 13Bl mixture t h a t  showed the  concept  to  be  va l id .  Pres- 
sures ,  normalized to  t h e  s t a t i c  p r e s s u r e  a t  t he  nozz le  ex i t ,  ag ree  
ve ry  we l l  among t h e  combustion products, and the Freon/Argon mix- 
t u r e ,  and M-O-C c a l c u l a t i o n s  i n  t h e  two dimensional regions of the 
flow. T h e r e  a r e  some differences between t h e  two se t s  o f  expe r i -  
ments i n  non-2D regions w h i c h  we be l i eve  to  be  due t o  several 
fac . tors ,  most of which a re  unique  to  the  present  exper iments .  T h e  
f o l l o w i n g  s e c t i o n s  d e s c r i b e  i n  d e t a i l  t h e  r e s u l t s  of  the pressure 
measurements  and  our  interpretation  of t h e i r  consequences.  They 
are  presented  in  chronologica l  order  because  each  se t  o f  da ta  a f -  
f ec t ed  the  des ign  o f  t he  nex t  s t ep  in  ou r  e f fo r t s  t o  ga in  a com- 
plete understanding of the nozzle flow . 
A l l  t h e  p re s su re  da t a  ob ta ined  a re  t abu la t ed  in  Appendix B. 
Only c e n t e r l i n e  d i s t r i b u t i o n s  o f  t h e s e  d a t a  are p l o t t e d  t o  i n d i -  
c a t e  t h e  trends and results of the experiments.  
Combustion Products 
Our f i r s t  c r u c i a l  g o a l  was to  ob ta in  accu ra t e  p re s su re  mea- 
surements. The  i n i t i a l  model  design was such t h a t  t h e  nozzle  and 
tube assembly would move independently from t h e  af terbodylcuwl 
model, t o  e l i m i n a t e  t h e  poss ib i l i t y  o f  acce le ra t ions  from the tube 
r eco i l   r each ing  t h e  pressure  t ransducers .  T h i s  t u rned   ou t   t o  
cause more problems than i t  solved, because a rearward-facing s tep 
of  'about 0.8 mm i n  h e i g h t  r e s u l t e d  a t  t h e  j o i n t  between  the  noz- 
z l e  e x i t  and  model. T h i s  s t e p  produced  an  expansion  and a r e a t -  
tachment shock wave t h a t  s ign i f i can t ly  in f luenced  the  p re s su res  on 
the model. ,The s t e p s  d i d  s e r v e  t o  i l l u s t r a t e  t h e  s e n s i t i v i t y  o f  
I 
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t h e  flow t o  small geometric  changes,  however. We also learned 
t h a t  t h e  semiconductor strain gauge pressure transducers being 
used were ex t r eme ly  in sens i t i ve  to  acce le ra t ion ,  con t r a ry  to  ou r  
previous  experience w i t h  piezoelectr ic   gauges.  T h i s  allowed a 
model r e d e s i g n  t o  e l i m i n a t e  t h e  s t e p s  by a l l o w i n g  d i r e c t  c o n t a c t  
f rom tube to  model. 
To i l l u s t r a t e  t h e  e f f e c t  of t h e  small s tep ,  F ig .  19  shows a 
comparison of t h e  cen ter l ine  pressure  da ta  obta ined  for  the  com- 
bus t ion  gas  w i t h  and without t h e  step.  Also shown i s  a two dimen- 
s i o n a l  method o f  cha rac t e r i s t i c s  p red ic tFon  o f  t he  no - s t ep  d i s t r i -  
bu t ion  w i t h  an approximation of t h e  s ide  wa l l  expans ion  e f f ec t .  
A l l  pressures have been normalized to t h e  nozz le  ex i t  p lane  
he igh t  , Y3 . 
A c e n t e r l i n e  d i s t r i b u t i o n  on the cowl i s  shown i n  F i g .  2 0  
a long w i t h  a 2-D M-0-C c a l c u l a t i o n .  Note t h a t  the  measured  pres- 
sures on  bo th  su r faces  f a l l  below t h e  2-D level sooner than t h e  
p red ic t ion .  F igure  2 1  shows a planform  view  of  the  afterbody  and 
indicates  the region of-measured 2-D l e v e l  compared t o  t h e  i d e a l  
r eg ion  de l inea ted  by the expansion from the s ide wal ls .  Ideal ly  
t h i s  expansion should be bounded by the  Mach cone emanating from 
t h e  corner where the nozzle and afterbody join.  T h e  Mach number 
governing the s ide wall expansion i s  tha t  a f te r  the  expans ion  of  
t h e  flow  onto t h e  surface of  t h e  af terbody.  T h e  wide  discrepancy 
between the expected and measured boundaries of the 2-D region ap-  
pa ren t ly  was par t ly  due  to  the  ear ly  a r r iva l  of  th ree  d imens iona l  
s i d e  w a l l  i n f l u e n c e s ,  a l t h o u g h  l a t e r a l  f l o w  i n  t h e  a f t e r b o d y  lami- 
nar boundary layer was a l so  suspec ted  as a pa r t i a l  cause, and many 
o ther  poss ib i l i t i es  were  a l so  inves t iga ted  and  found to  be  h ighly  
improbable . 
To de lay  t h e  s ide expansion inf luence we i n s t a l l e d  s i d e  p l a t e s  
(Fig.  9) t h a t  extended t o  t h e  t r a i l i n g  edge  of t h e  cowl. The  
c e n t e r l i n e  a f t e r b o d y  d i s t r i b u t i o n  is  shown w i t h  t h e  s i d e  p l a t e s  
i n s t a l l e d  by  the  square  symbols  in  Fig. 22.  The t r i a n g l e s  a r e  t h e  
data  obtained w i t h  no s i d e  p l a t e s .  The 2-D ca l cu la t ion  inc ludes  
the  delayed  expansion  from t h e  s i d e  p l a t e s .  Note t h a t  t h e  pressure 
drop-off from the 2-D l e v e l  was de layed ,  i nd ica t ing  tha t  t he re  i s  a 
s i g n i f i c a n t  e f f e c t  from the side wall  propagating through t h e  
boundary  layer  and  ar r iv ing  ear l ie r  than  . s imple  theory  would pre-  
d i c t .  However, n o t  a l l  of t h e  e f f e c t  c a n  be d e f i n i t i v e l y  a t t r i b -  
u t e d t o  t h i s  mechanism. W i t h  t h e  s i d e  p l a t e s  i n s t a l l e d ,  t h e  f a l l -  
o f f  i s  even ear l ie r  r e l a t i v e  t o  t h e  new Mach l i n e  from the  s ide  
w a l l  a f te rbody junc ture .  F igure  23  i s  a planform  view  of  the 
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afterbody and end p l a t e s .  T h e  measured 2-D region i s  ind ica ted .  
Beyond an X/Y3 of  about 5, the  5 degree  expansion on the 
cowl i s  f e l t  on t h e  a f te rbody,  so the  r ap id  f a l l -o f f  i n  p re s su re  
i n  t h i s  reg ion  i s  expected. However, between  the end  of t he  end 
expansion, (x’y? t le pressure  dis t r ibut ion  appears   to   have  been  inf lu-  
enced by an additional expansion and recompression. A c l o s e  i n -  
spec t ion  of the  model revealed a v e r y  s l i g h t  mismatch s t i l l  e x i s t -  
i n g  a t  t h e  j o i n t  of  the  nozzle  and  cowl.  Figure 1 7  shows the 
est imated extent  of  t h i s  mismatc,h. The influence  of t h i s  geomet- 
r i c a l  approximati.on on t h e  a f t e rbody  p res su re  d i s t r ibu t ion  was 
ca lcu la ted  as  d iscussed  previous ly  and t h e  r e s u l t  i s  shown i n  
Fig.  2 4  along w i t h  ‘ t he  da t a  ob ta ined  in  the  idea l  2-D region. The 
so l id  poin ts  a re  those  obta ined  of f  the  center l ine  but  wi th in  t h e  
t h e o r e t i c a l  2-D region.  T h i s  appea r s  t o  exp la in  the  d i s t r ibu t ions  
we are   see ing .  As a check ,   s ide   p la tes   ex tending   to   an  X/Y3 of 
about 9 were i n s t a l l e d  and the   t e s t s   r epea ted .  A similar   phe-  
nomenon was observed  (Fig. 2 4 ) ,  though the levels  were s l ight ly  
d i f f e r e n t .  The s ign i f i can t ly   h ighe r   p re s su re   l eve l s  beyond X/Y3 
of 7 i n  F i g .  2 4  a r e  due to   t he   f ac t   t ha t   t he   l onge r  end p l a t e s  
prevent  any s ide wal l  expansion effects  from reaching the center-  
l i n e  i n  t h e  measurement  region. The wide s c a t t e r  of  points  where 
the  reattachment  shock i s  pos tu l a t ed  to  h i t  the   af terbody (X/Y3 == 
3.5) is c o n s i s t e n t  w i t h  t h e  s t e e p  g r a d i e n t s  t h a t  would e x i s t  i n  
such  a flow. 
=: 3 . 2 )  and  che region  of  influence  from t h e  cowl 
S u b s t i t u t e  Gas Comparison 
A mixture  of 42 percent  Argon and 55 percent  Freon 13B1 was 
chosen   as   the   subs t i tu te   gas .   for  t h i s  i nves t iga t ion .  The running 
cond i t ions  fo r  t h i s  g a s  a r e  d e s c r i b e d  e a r l i e r  i n  t h i s  r e p o r t .  
T h i s  mixture was chosen because i t  requi red  the  lowes t  s tagnat ion  
temperature of those mixtures investigated i n  Ref. 1 (an advantage 
fo r  w ind . tunne1  t e s t ing ) .  . No attempt has been made t o  a l t e r  t h e  
mix tu re   t o  improve  the  resul ts .  A l l  substi tute  gas  comparisons 
were :run w i t h  the  shor t  end p l a t e s  i n s t a l l e d  on the model. 
T h e  nozz le  used  to  achieve  the  des i red  ex i t  p lane  condi t ions  
i n  t h e  t es t  s e c t i o n  was or iginal ly  designed for  the combust ion 
products.  Whi le  t h e  thermodynamic  behavior  of  the  substitute  gas 
blend i s  exce l len t ly  matched  to  t h a t  of t h e  combustion gases for 
those portions of t h e i r  respect ive f lows t h a t  cover the cowl and 
af terbody,  the qual i ty  of  the match degrades for  the f low upstream 
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Fig .  24 Pressure  Distribution on Afterbody-Cornbustion Runs - Short 
and Long Side Plates - Comparison w i t h  2-D M-0-C Calculation 
Assuming 2" Ramp a t  Nozzle-Cowl Joint  
of t h e  combustor ex i t  p l ane .  The  nozzle t h a t  e s t a b l i s h e s  e x i t  
p lane  condi t ions  should  therefore  have  s l igh t ly  d i f fe ren t  contours  
for  t h e  subs t i t u t e  gas  than  fo r  t h e  combustion  gas.  Calculations 
showed t h a t  t h e  subst i tute  gas  run through t h e  combustion nozzle 
would g ive  a reasonable match a t  t h e  ex i t  p l ane ,  bu t  t h e  effect  of 
t he  r e su l t i ng  s l igh t  nonun i fo rmi t i e s  w i th in  t h e  nozzle on t h e  
p r e s s u r e  d i s t r i b u t i o n s  was unknown. T h e s e  e f f e c t s  a p p e a r  t o  be 
more s i g n i f i c a n t  t h a n  w e  expected. 
Figure 2 5  shows t h e  p r e s s u r e s  i n  t h e  cowl 2 - D  region for  both 
t h e  subs t i tu te  gas  and  canbus t ion  products .  T h e  agreement i s  
good, implying that the flow departs from 2 - D  t h e  same way in  bo th  
gases . 
Figure 26  shows the comparison of  pressure dis t r ibut ions be-  
tween the  two gases on the  cen te r l ine  o f  t he  a f t e rbody .  F i r s t ,  
note  t h a t  the agreement in t h e  region vhere a 2 - D  d i s t r i b u t i o n  
p r e v a i l s  i s  e x c e l l e n t .  Both gases expand t o  a r e l a t i v e  p r e s s u r e  
of  about 28 percent  of t h e  nozz le   ex i t   p re s su re .  The , , subst i t ,u te  
gas i s  therefore behaving in . a  manner v e r y  s i m i l a r  t o  t h a t  of t h e  
combustion  gas, as i t  should.   There  appears  to  be a l o c a l  com- 
pression in the flow of t h e  substi tute gas near the downstream 
boundary of t h e  2 - D  region t h a t  does not appear for the combustion 
products.  T h i s  compression shows up r epea ted ly  a s  a higher  pres- 
s u r e   f o r   t h e   s u b s t i t u t e   g a s   a t   a n  X/Y3 of 5 on t h e  c e n t e r l i n e .  
Off -center l ine ,  and  in  the  reg ion  of 3 - D  f l ow,  the  subs t i t u t e  gas  
pressures  measured a t  a X/Y3 of 3.4 (not shown) are   double  
those for the combustion gas and higher even than the calculated 
2 - D  value.  Beyond X/Y3 of 5 the   subs t i tu te   gas   appears   to  
parallel  the combustion gas expansion, a t  a s l i g h t l y  h i g h e r  l e v e l  
due to  the  compress ion  ear l ie r  in  the  f low.  
The reasons  for  t h e  strong compression wave appea r ing  in  t h e  
subst i tute  gas  f low and not  in  the combust ion gas  appear  to  be 
a s soc ia t ed  w i t h  f low nonuniformit ies  or iginat ing inside the nozzle .  
We know the nozzle design to be sl ightly mismatched to t h e  s u b s t i -  
t u t e  g a s ,  and the flow t o  be very  suscept ib le  to  s l igh t  nonuni -  
fo rmi t i e s .  Waves generated  internal ly   could  be  propagat ing  f rom 
t h e  nozz le  and  af fec t ing  t h e  pressures,  Because t h e  boundary 
l aye r  on the  a f te rbody i s  laminar (see Heat Transfer subsection) , 
the  d is turbances  would be spread over a wider region on t h e  p l a t e  
compared t o  t h o s e  f o r  a turbulent  boundary layer .  
Further evidence t h a t  a mismatched nozzle could be the cause 
of  the  d i f fe rences  was obtained when the  subs t i t u t e  gas  was run 
through a nozzle  w i t h  a t h r o a t  s i z e  t h a t  gave an e x i t  Mach number 
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F i g .  26 A f t e r b o d y   C e n t e r l i n e   P r e s s u r e   D i s t r i b u t i o n s  - Comparison  of 
Combustion w i t h  S u b s t i t u t e  Gas R e s u l t s  - . S h o r t  S i d e  Plates  
of about  2.55 ra ther  than t h e  design  value  of  2.35.  Figure 27  
shows t h e  data  obtained on t h e  a f t e rbody  cen te r l ine .  The o f f -  
design nozzle produced obvious waves t h a t  r e s u l t e d  i n  a very non- 
uni form pressure  d is t r ibu t ion  on t h e  a f te rbody.  
One f ina l  po in t  should  be  made concerning the subst i tute  gas  
r e s u l t s .  The p res su re  l eve l s  t h a t  we measured  were  approximately 
25  times lower f o r  t h e  subst i tute  gas  than for  the combust ion gas .  
T h i s  meant running t h e  shock tube a t  a s t agna t ion  p res su re  of 
4.14 x l o 5  N/m2 f o r  t h e  s u b s t i t u t e  g a s .  T h i s  i s  very low f o r  a 
shock  tunne l ,  and  l ed  to  d i f f i cu l t i e s  i n  ob ta in ing  a good q u a l i t y  
shock  system in  the  d r iven  tube .  Non idea l i t i e s  migh t  have r e s u l t -  
ed ,  caus ing  the  s ta te  of  t h e  s u b s t i t u t e  g a s  t o  be somewhat d i f -  
f e r e n t  from t h a t  c a l cu la t ed .  
Heat Transfer  
Heat t r a n s f e r  r a t e s  due to  the f low of cambustion products 
were  measured on the afterbody and cowl.  The r e s u l t s  are tabu- 
l a t e d  i n  T a b l e  5. The c e n t e r l i n e  d i s t r i b u t i o n  on the  a f te rbody i s  
shown i n  F i g .  28. Assuming a r e a s o n a p l e  v i r t u a l  o r i g i n  t h e  f a l l -  
o f f  w i t h  d i s t ance  i s  c lose  to  the  X-2 charac te r   o f  a zero   p res -  
sure  gradient  laminar  boundary layer .  In  addi t ion we have  been 
informed t h a t  t h e  h e a t  t r a n s f e r  r a t e s  a g r e e  w i t h  laminar  calcula-  
tions performed by Talco t t  and  Hunt of Langley Research Center 
using the "BLIMP" program reported $.n A i r  Force Weapons Lab Report 
FWL TR-69-114. Turbulent  hea t ing  ra tes  were  ca lcu la ted  us ing  the  
method in  Ref .  9 ,  and  the  resu l t s  gave  ra tes  an  order  of magnitude 
higher than the measured values. 
The f a c t  t h a t  the  af terbody boundary layer  i s  laminar i s  n o t  
a n  a r t i f a c t  o f  the  fac i l i ty  or  the  s imula t ion  technique .  All runs 
were made a t  t h e  f u l l  s c a l e  f l i g h t  Reynolds number . T h e  laminar 
boundary layer w i l l  be much more r e spons ive  to  inv i sc id  flow d i s -  
turbances than would a turbulent one,  and could be a c o n t r i b u t i n g  
f ac to r  t o  the  anomal i e s  i n  t h e  pressure  da ta .  
Inf ra red  Radia t ion  from Nozzle Exi t  p lane  
The spec t r a l  r ad iance  a t  the  ex i t  p l ane  o f  t h e  nozzle was 
measured  between 2.4 and 4.8 microns,  using a rapid  scan c i r -  
c u l a r  v a r i a b l e  f i l t e r  (CVF) spectrometer (designed by the Cherni- 
c a l  Physics .Branch of the Grumman Research Department) . Essen- 
t i a l  components of the  spectrometer   are:  1) a l i qu id   n i t rogen  
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TABLE 5 HEAT TRANSFER DATA 
~~ 
Nondimens i o n a l  
Axial  Distance 
from Ex i t  P l ane  
X/Y3 
Nondimensional 
Transverse Distance 
from Center l ine 
Z/Y, 
6 
gm Cali 
c m  . sec 
0.333 I 
0.333 
0.333 
1.75 
1.75 
3 
Cowl 
0 
0.5 
1.667 
0.833 
1.167 
0.5 
Af terbody 
0.955 
1.?97 
0 
0 6.837 
0 3.465 
0 
10.131 0 
12 . 954 0 
1.426 
0.5 2.367 
0.5 
1.5 2.367 
1 2 -367 
37.94 
36.86 
10.33 
19.32 
17.29 
10 . 92 
19.16 
14.36 
8.64 
4.17 
1.83 
0.835 
13.28 
12.71 
11.27 
6.26 
cooled   InSb  de tec tor ,  2) a CVF r o t a t i n g  a t  16,000 rpm w i t h  a - 
r e s o l u t i o n  a t  3 microns of  0.03 micron,  and 3) a n   I r t r a n  2 
o p t i c a l  s y s t e m .  C a l i b r a t i o n  was performed against  a blackbody 
source (NBS t raceable  tempera ture)  . 
A t y p i c a l  I R  spectral  radiance measurement  i s  shown i n  
Fig.  29 where a comparison i s  made w i t h  a t h e o r e t i c a l  p r e d i c t i o n  
using  an I R  band  model  code  (Ref. 10) .  T h e  measured  spectrum 
clear ly  e x h i b i t s   t h e  2.7 micron  water   band,   extending  a lmost   o  
4 microns,  and  the  lower  wavelength  wing of t h e  6.3 micron 
fundamental  of water.,  between 4 and 4.8 microns. The  measured 
a n d  p r e d i c t e d  s p e c t r a  a r e  i n  good ag reemen t ,  e spec ia l ly  when one 
cons ide r s  t h e  experimental  uncertainty and imperfect ions of  
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t h e o r e t i c a l  band model codes (high temperature absorption coeffi- 
c i e n t s  +lo percent ) .  From Fig.  29 w e  conclude t h a t  t h e  exper i -  
mental  temperature  and species  concentrat ion are  suff ic ient ly  ac- 
c u r a t e  t o  g i v e  e x c e l l e n t  s i m u l a t i o n .  Note t h a t  the  radiance a t  
2.7 microns i s  p ropor t iona l   t o  a power g rea t e r   t han  3 of t h e  
temperature,  s o  t h a t  t h e  d i f f e rences  between experiment and theory 
i n  F i g .  29 should  be  a t t r ibu ted  to  about  a 4 percent  d i f fe rence  
between t h e  t h e o r e t i c a l  and  experimental  temperature. The  agree- 
ment w i t h  t heo ry  in  F ig .  29 i s  a l s o  t y p i c a l  of previous measure- 
ments w h i c h  a t t e s t  t o  t h e  exce l len t  s imula t ion  which  can be 
achieved w i t h  t h e  d e t o n a t i o n  t u b e  f a c i l i t y  i n  a wide va r i e ty  o f  
combustion systems. 
Impact Pressure Measurements 
To f u r t h e r  v e r i f y  t h e  g a s  s t a t e  i n  t h e  v i c i n i t y  of t h e  e x i t  
plane of the combustor nGzzle, a s e r i e s  of runs were made ' w i t h  
.both combustion and substi tute gas to measure t h e  impact pressure 
a t  the  s tagnat ion  poin t  of  a f la t - faced  probe .  Kis t le r  Model 603 
pressure  transducers  were mounted i n  0.792 c m  diameter  (0.312  in.) 
f lat-faced probes and located a t  v a r i o u s  a x i a l  p o s i t i o n s  f r o m  
4.763 c m  (1.875 i n . )  w i th in  t h e  nozz le  to  the  nozz le  ex i t  p lane .  
Measurements were a l s o  made a t  o f f - ax ia l  l oca t ions  r ang ing  from 
20.953 cm (0.375 i n . )  i n  t h e  Y-direct ion  to  +5.C8 c m  (2.0 i n . )  
in   the  Z-direct ion.   Typical   impact   pressure  osci l loscope  records 
for  both combust ion and subst i tute  gas  are  shown in  F ig .  30 .  The 
measurements i nd ica t ed  a steady uniform core flow w i t h i n  t h e  r e -  
gion covered. 
The  substitute gas impact pressure measurements agreed rea- 
sonably wel l  w i t h  idea l  gas  theory ,  cons ider ing  t h e  u n c e r t a i n t i e s  
i n  t h e  s t a t e  of  the  substi tute  gas  discussed  previously.   Curves 
o f   i d e a l   g a s   / P T ~   r a t i o  ( R e f .  11) for   var ious  values   of  y and 
f ree  s t ream Maci number a r e  shown i n  F i g .  31. I n  t h e  uniform  flow 
region  of  our  nozzle,  the  measured P T ~ / F T ~  r a t i o  was 2.06 f 
0.06. Based on our  measured s t a t i c  p r e s s u r e  r a t i o ,  o u r  f r e e  
stream Mach number was 2.4. The measured t o t a l  p r e s s u r e  r a t i o  i s  
p l o t t e d   i n   F i g .  31 .  It f a l l s  on the   l ine   .o f  y = 1.25  for M = 
2.4, w h i c h  i s  a l i t t l e  higher  y than w e  expected,  but t h e  use 
o f   t he   t o t a l   p re s su re   r a t io   t o   de t e rmine   t he   va lue   o f  y could 
lead  t o  e r ror .   For   ins tance ,   any   v ibra t iona l   f reez ing  of the 
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Fig. 30a Oscilloscope  Record  of Com- 
bus t ion  Gas Impact Pressure 
a t  Nozzle  Exit  Plane.  Hori- 
z o n t a l  Sweep: 0.5 msec/cm, 
L e f t   t o   R i g h t .   V e r t i c a l  D e -  0 
f l e c t i o n  Both Beams: 1.38 x 
106 N / m 2 / c m .  
F ig .  Sob Oscilloscope  Record  of Sub- 
s t i t u t e  Gas Impact Pressure 
a t  Nozzle  Exit   Plane.   Hori-  
z o n t a l  Sweep: 1.0 msec/cm, 
L e f t   t o   R i g h t .   V e r t i c a l  De- 
f l e c t i o n :  1.03 x l o 5  N/m2/cm.  
2.8 
2.6 
2.4 
P /PT 
T1 2 
2.2 
2.0 
1.8 
2 . 3  2 . 4  
Mach  Number 
2.5 2 . 6  
Fig. 31 Ratio of PT /P, vs  Mach  Number for Different Values 
1 2  
of y (Ideal  Gas) 
complex Freon molecule between the probe's bow shock and i t s  face  
cou ld   t end   t o   i nc rease   t he   e f f ec t ive  y of the   gas .  
The combustion gas impact pressure measurements a l l  r e a d  a p -  
proximately 15 percent   oo low. We expected  pressures  on the 
order  of 4.8 x lo6  N/m2 (700 p s i a )   t o  5.2 x lo6 N/m2 (750 
psia),   depending on t h e  na tu re  of  the  probe  stagnation  process.  
The measurements  were  always 4.14 x 106 N/m2 (6'00 ps ia )  . The 
pressure  s igna ls  looked  qui te  good (see Fig.  30) . The t ransducer  
diaphragms were thermally protected w i t h  a t h i n  l a y e r  of an RTV 
compound, and t h e  s i g n a l s  showed none  of t h e  cha rac t e r i s t i c  decay  
a s soc ia t ed  w i t h  t empera ture   e f fec ts .  The s i g n a l s  w e r e  f i l t e r e d  t o  
e l iminate  high frequency r inging,  w h i c h  i s  always present w i t h  
t h i s  type of impact pressure transducer,  but there was no low f r e -  
quency oscil lation superimposed on t h e  mean l e v e l ,  w h i c h  might be 
ind ica t ive  of  probe  acce lera t ion .  We made a run w i t h  a t ransducer  
sealed off from t h e  flow t o  c h e c k  f o r  a c c e l e r a t i o n  e f f e c t s ,  b u t  
' t h a t  t ransducer  showed no   s igna l .  T h e  ident ica l   p robe   and   t rans-  
ducer was used for both t h e  subs t i t u t e  gas  and combustion runs. 
A l l '  c i r c u i t s  were carefully checked and t h e  runs  repea ted  severa l  
times so  w e  have absolutely no ind ica t ion  tha t  t he  measurement i s  
i n c o r r e c t  . 
For  da t a  ana lys i s ,  we assumed s ix  d i f fe ren t  types  of  probe  
and nozzle  f low f ie lds  and calculated the expected impact  pres-  
sures .  Most of t h e  c a l c u l a t i o n s  were  done i n  two s t e p s  w i t h  t he  
computer  program  of  Ref. 4 .  The f i r s t  s t e p  was to  de te rmine  the  
f r ee  s t r eam s t a t i c  p rope r t i e s ,  ve loc i ty ,  and  compos i t ion  a t  a 
s t a t e   co r re spond ing   t o   t he  measured  value  of P3. The second s tep  
was t o  determine the s ta t ic  propert ies  behind a normal shock whose 
incident  condi t ions were the pressure,  temperature  , v e l o c i t y ,  and 
composition  as  determined by t h e  f i r s t  s t e p .  We then  used  the 
idea l  gas  equat ion  
P 
P 2 
- = p +  0 r-l .') y l y - 1  
t o  ca l cu la t e  t he  i s en t rop ic  compress ion  from behind t h e  shock t o  
the  s t agna t ion  po in t  on the  probe  face. Use of t h i s  equation i s  
j u s t i f i e d  on the  grounds  that 90 percent  of  the  recompression 
takes place across the shock wave where r e a l  g a s  e f f e c t s  a r e  t a k e n  
into  account  by t h e   c a l c u l a t i o n s .   I n   t h e   l a s t  10 percent  of  the 
recompression,  the  change  in y i s  v e r y   s m a l l .   I n   a l l   t h e   c a l -  
c u l a t i o n s  we assumed the  nozz le  s t agna t ion  p res su re  to  be the mea- 
sured  value  of P 5 ,  1.068 x l o 7  N/m2,  t h e  nozz le   s tagnat ion  
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entha lpy   to   be  578.4 cal/gm,  and t h e  nozz le   ex i t   p lane  s t a t i c  
p res su re   t o   be  t h e  measured  value  of 7 .031  x lo5  N/m2,  I n  t h e  
f i r s t  f l ow f i e ld  w e  assumed canplete equilibrium flow through the 
nozzle and across t h e  bow shock to  the  s t agna t ion  po in t  on the  
probe. T h i s  gave  us  an  impact  pressure  of 4.944 x 106 N/m2 
(717.3 p s i a )  . I n  t h e  second  flow f i e l d  we assumed f u l l  e q u i l i b -  
r i u m  through t h e  nozzle expansion, but frozen composition across 
the  probe bow shock. T h i s  produced  an  impact  pressure  of 4.876 x 
l o 6  N/m2 (707.4 p s i a )  . I n  t h e  t h i r d  c a l c u l a t i o n  we assumed the 
nozzle flow composition frozen a t  t h e  t h r o a t ,  b u t  r e t u r n e d  t o  
equi l ibr ium  behind  the  robe bow shock. T h i s  produced  an  impact 
pressure  of  5.177 x 10 E N/m2 (751.0 p s i a ) .  The fou r th   ca l cu la -  
t i o n  assumed the nozzle flow composition frozen a t  t h e  t h r o a t  and 
remained  frozen  across he  bow shock. This produced  an .impact 
pressure  of 5.148 x 10 s N / m 2 '  (746 .9  p s i a )  . I n  t h e  f i f t h  and 
s i x t h  c a l c u l a t i o n s  w e  assumed a one  d imens iona l ,  f in i te  ra te  chem- 
i s t r y  f l o w  f i e l d ,  s t a r t i n g  t h e  f i n i t e  r a t e  c a l c u l a t i o n  i n  t h e  s u b -  
sonic-region  before the throat.  The  computer  program of Ref. 12 was  
used for this calculation, with the best H2/Air rate constants  currently 
available. In these  calculations  we  assumed a one dimensional area 
d i s t r i b u t i o n  t h a t  gave us  approximately the nozzle  center l iue 
p re s su re  d i s t r ibu t ion  ca l cu la t ed  by the  M-0-C program. I n  t h e  
f i f t h  c a s e  w e  assumed the f low returned to  equi l ibr ium behind the 
prpbe bow shock. T h i s  produced  an  impact  pressure of 4.971 x 
10" N/m2 (721 .1  ps ia ) .  The s i x t h   c a l c u l a t i o n  assumed the compo- 
s i t i o n  was frozen  acros   the bow shock. T h i s  produced a n  impact 
pressure of 4 .911  x 10 8 N/m2 (712 .4  p s i a ) .   I n  none  of these 
ca lcu la t ions  could  we a r r i v e  a t  an impact pressure near the mea- 
sured  value  of 4.14 x l o 6  N/m2.  
We a l so  inves t iga t ed  the  poss ib i l i t y  t ha t  i n t e rna l  deg rees  of 
freedom  could be frozen i n  the nozzle expansion. By comparison t o  
de t a i l ed  ca l cu la t ions  p rev ious ly  done  fo r  rocke t  exhaus t  r ad ia t ion  
p red ic t ion  ( w h i c h  were very precisely confirmed by experiment),  we 
were   ab le   to   ver i fy  t h a t  v i b r a t i o n a l  l a g  i n  N2 would  be n e g l i -  
g ib l e  in  the  p re sen t  expans ion .  Our case  has   higher   pressures ,  a 
much longer flow path, and only a s l i gh t ly  h ighe r  ve loc i ty  than  
c a s e s  f o r  which v i b r a t i o n a l  l a g  was n e g l i g i b l e  from t h e  former 
work. The N2 system h a s  by f a r   t he   s lowes t   v ib ra t iona l   decay  
ra te  of any of the  molecules  in  t h e  flow. 
If w e  plot  the  measured  value  of PT / P T ~  on t h e  i d e a l  
curves of Fig.  31 we can see the  ex ten t  ol t h e  anomaly. The mea- 
sured value of  t h e  impact pressure should be higher,  or t h e  flow 
Mach number must  be 0.1 t o  0.2 g rea t e r   t han  we t h i n k  i t  i s ,  
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and t h i s  would be very inconsistent w i t h  t h e  measured value of 
P5/P3. Fur the r  i nves t iga t ion  of t h i s  problem i s  c l e a r l y  i n d i -  
ca t ed  . 
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6. CONCLUSIONS AND RECOMMENDATIONS 
The detonation tube provides a good simulation of t h e  exhaust 
f.low  from a hydrogen/oxygen scramjet engine.  Pressure distribu- 
t ions  obta ined  on a cowl model and afterbody w i t h  t h e  simulated 
flow of combustion products and flow from a subs t i tu te  gas  mixture  
of 42. percent  Argon and 58 percent  Freon 13131, were i n  agreement 
i n  t h e  two dimensional regions of the flow. Except for a few ex- 
p l a inab le  va r i a t ions ,  p re s su re  d i s t r ibu t ions  a l so  fo l lowed  t h e  
three dimensional  behavior. The f lows  of .bo th  t h e  combustion  pro- 
ducts  and subst i tute  gas  were h igh ly  sens i t i ve  to  ve ry  sma l l  pe r -  
t u r b a t i o n s  i n  t h e  nozzle and model geometr ies ,  and nonideal i t ies  
in  nozz le  des ign .  
Only  one subst i tute  gas  choice has  been tes ted thoroughly on 
t h e  scramjet model.  Although  no  unexpected  behavior  can  presently 
b e  a t t r i b u t e d  t o  t h e  s u b s t i t u t e  g a s ,  i t  w i l l  probably be desirable  
to  inves t iga t e  va r i a t ions  in  the  b l end  in  fu tu re  r e f inemen t s  o f  
the   t echnique .   Depar tures   in   the   subs t i tu te   gas   p ressures   f rom 
those of t h e  combustion products a l l  appear t o  be explained by 
nozzle mismatches outside the range in which  the gases  are  ex-  
pected to behave the same. It w i l l  a l s o  be  necessa ry  to  inves t i -  
gate other flow problems, such as segmented nozzles, shocks in 
the  f low,   and  different   f l ight   condi t ions.   These  types  of   in-  
v e s t i g a t i o n s  a r e  recommended f o r  f u t u r e  work. Fu r the r  i nves t iga -  
t i o n  of anomalously low impact pressures in the canbusti .on gas 
flow i s  also warranted.  
1.n any future experiments the nozzle contours must  be de- 
s igned  spec i f i ca l ly  fo r  t he  gas  to  be used,  taking into account  
property variations upstream of the matching region. We learned 
t h a t  i t  i s  n o t  s u f f i c i e n t  t o  match only t h e  e x i t  p l a n e  p r o p e r t i e s .  
W i t h  p r o p e r  a t t e n t i o n  t o  model and n o z z l e  f i d e l i t y ,  w e  are con- 
f i d e n t  t h a t  future experiments w i l l  g ive a h igh ly  accu ra t e  simu- 
l a t i o n  f o r  t h e  X-24C f l i g h t  v e h i c l e .  
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APPENDIX A 
ON THE CALCULATION OF THE PROPERTIES 
OF SUBSTITUTE  GAS  MIXTURES 
T.he s p e c i f i c  h e a t  f o r  a mixture of pe r fec t  gases  i s  
c = c x.c 
P 1 P; 
where Xi i s  t h e  mole f r a c t i o n  o f  each  component. 
T h e  f reons  w i t h  w h i c h  we a re  dea l ing  a re  ca lo r i ca l ly  imper -  
f e c t  and C i s  a function  of  temperature 
P 
:. Cp(T) = X X.C (7') 
1 P-. 
.L 
To compute the  Mach mmber as a function of Cp(T) we.. w r i t e  
the steady flow energy equation as 
2 2 h l + * U 1 = h  2 + * U  2 = " Ho 
The e n t h a l p i e s ,  h and H ,  a r e   t h e   i n t e g r a l  of  Cp(T)dT  from 
T = 0 t o  T = T 2 ,  1, or 0. 
The energy equation becomes 
T 
0 
2 
C (T)dT + 3 U2 = 1 C (T)dT + 4 U1 = c p(T) dT 2 
0 0 
T h e  v e l o c i t y  a t  s t a t e  (1) i s  then 
2 3 u1 - - 
J 
0 
T 
C p(T)dT 
and t h e  Mach number 
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./G T1 
M1 E al Y I R T l  
" 
- 
To eva lua te  t h e  i n t e g r a l  we f i t  a fourth order  polynomial  
through t h e  Cp(T) ve r sus  T da t a ,   ove r  t h e  r a n g e   o f   i n t e r e s t  
Cp(T) = AT + BT + CT + DT + E 4 3 2 
r o  
T 
D 2  + T ( T ~  - T',> + E(T 0 - T1) 
Y 1  i s  computed  from the  value  of  Cp(T) a t  T1 
C 
'1 - Cp(T1) - R - - 
T h u s ,  f o r   a n y  assumed s tagnat ion   tempera ture ,  To, a Mach 
number versus  T table  can  be  computed. y and C p  are known 
funct ions   o f  T ,  independent  of t h e  choice  of To. 
To compute P as a function  of T ,  we s tar t  w i t h  t h e  d i f -  
ferentia.1 form of t h e  f i r s t  l a w  of  thermodynamics (c f .  Ref .  A-1)  
dP dh = dq + - 
P 
In   an   ad iaba t i c   f l ow dq i s  ze ro ,   and   d iv id ing   bo th   s ides  by dT 
w e  g e t  
"" dh dP = Cp(T) 
dT  pdT 
- 
p = P/RT 
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so  we can wri te  
dP RT = Cp(T)dT P 
Dividing  both  sides  by T and   i n t eg ra t ing  
Using  the same fourth  order   polynomial   for  Cp(T) w e  have 
c (TI 
P=AT + B T  + c T + D + ?  3 2 E T 
In t eg ra t ing  from T1 t o  To we g e t  
R h  - '0 = A 4 (To 4 -.T1) 4 + (T 3 - T;) + 2 (T: - T:) 
'1 0 
I 
+ D(T - T1) + Ejn - 0 
0 T1 
Again,  for  any  assumed  value of To,  a Po/P versus  T t a b l e  
can be computed. 
Because w e  a r e  dea l ing  w i t h  gases  where Cp  i s  only a func- 
t i o n  of temperature, and not of pressure,  any arbi t rary value of  
Po ( the   s tagnat ion   pressure)  may be  assigned.  Figure A - 1  shows 
a p lo t   o f  Cp versus  T for   the   gas   used   in  t h e  p r e s e n t   i n v e s t i -  
ga t ion  (42 percent  Argon + 58 percent  Freon  13B1),  and  Table A - 1  
g ives  the  thermodynamic va r i ab le s  ca l cu la t ed  by t h e  above pro- 
cedure  for  To = 487OK.  
Reference 
A - 1  Liepmann, H.  W. and  Roshko, A . ,  Elements of Gasdynamics,  John 
Wiley and Sons, Inc. , New York, 1957. 
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Fig. A-1 Variation of Cp with Temperature f o r  Mixture  o f  42% Argon 
and 58% Freon 13Bl 
TABU A- 1 THERMODYNAMIC PROPERTIES OF 
42% ARGON - 58% FREON 13B1 SUBSTITUTE GAS  MIXTURE 
Molecular Weigh t  = 103.15 
Mach 
Number 
5 . 10682 
4.74929 
4.53703 
4.24883 
4.07301 
3.75187 
3.53212 
3.26049 
3 -00744 
2.76802 
2 . 59493 
2.36984 
2.20341 
1.98178 
1.8135 
1.59915 
1.58214 
1.4614 
1.33552 
1.20248 
1.13236 
1 . 05915 
0 . 982  106 
0.811892 
0 . 604526 
0.471975 
0.287662 
0 
- 
.. 
Y 
1.32673 
1.30558 
1.29338 
1.27738 
1.26799 
1.25169 
1.24124 
1.2292 
1.21892 
1.21006 
1.20419 
1.19725 
1.19261 
1.1871 
1.1834 
1.18113 
1.179 
1.177 
1.17513 
1.17338 
1.17254 
1.17174 
1.17096 
1 . 16948 
1,16811 
1.16746 
1.16684 
1.16648 
T ( O K )  
122 . 2 
138.9 
150.0 
166 . 7 
177.8 
200.0 
216.7 
238.9 
261.1 
283.3 
300.0 
322.2 
338.9 
361.1 
377.8 
388.9 
400 . 0 
411.1 
422 - 2  
433.3 
438.9 
444 . 4 
450.0 
461.1 
472.2 
477.8 
483.3 
486.7 
P 
c [ P gm O K  ]cal 
0.0781 
0.0822 
0.0848 
0.0886 
0.0911 
0.0957 
0.0990 
0.1032 
0 . 1072 
0.1109 
0.1135 
0 . 1168 
0.1192 
0.1221 
0.1242 
.0.1255 
0.1268 
0.1280 
0.1291 
0.1302 
0.1308 
0 . 1313 
0.1318 
0 . 1328 
0.1337 
0 . 1342 
0.1346 
0 . 1348 
PIPg 
5.29211E-04 
9.01289E  -04 
1.25870E-03 
2.02347E-03 
2.73485E -03 
4.84265E-03 
7.25999E-03 
1 . 2 1256E -02 
1.9715TE-02 
3.1313lE-02 
4.36939E-02 
6 . 7D062E -02 
9.12828E-02 
0.135923 
0.181417 
0.218947 
0 . 2 63343 
0.315699 
0.377259 
0 . 44943 1 
0 . 48998 5 
0.533804 
0.581115 
0.68721 
0.81039 
0.879117 
0.953027 
1 . 00000 
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EXPERIMENTAL PRESSURE DATA  NORMALIZED BY 
NOZZTX EXIT PRESSURE, P3 
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4 
0 TABLE B - 1  CONFIGURATION:  COMBUSTION  GAS, NO SIDE PLATES, NO STEP AT NOZZLE EXIT 
A f  terbody 
0.485 
1.426 
2.367 
3 . 936 
4.877 
6.131 
7 . 543 
8.484 
9.425 
10.837 
12.248 
13 . 660 
15.072 
18.800 
18.522 
0.955 
0.955 
1.897 
3.465 
0 0.276 
0 0.273 
0 0.254 
0 0.112,  0.132 
0 0.0990 
0 0.0611 
0 0.0271 
0 0.0154 
0 0 . 0110 
0 0.0095 
0 0.0078 
0 0.0047 
0 0.0038 
0 0.0036 
0 0 . 0034 
0.5  0.262 
-0.5 0.269 
-0.5 0.225 
-0.5 . 0.109 
Y, = Nozzle "Ll Height 
A f  terbodv 
4.406 -0.5 
4.406 0.5 
5.347 0.5 
8.014 -0.5 
8.955 0.5 
0.485 1.0 
0.485 -1.0 
1.426 1.0 
2.367 -1.0 
0.955 -1.5 
3.465 -1.5 
0.485 -2.5 
1.426 -2.5 
2.367 -2.5 
3.465 -2 . 5 
4.877 -2 .5  
6.131 -2.5 
8.484 -2.5 
~~ 
PIP3 
0.0780 
0.0762 
0.0669 
0.0240 
0.0165 
0.261 
0.271 
0.243 
0.0802 
0.0957 
0.0461 
0.0008 
0 . 0044 
0.0053 
0.0168 
0.0172 
0.0240 
0.0172 
Cowl 
0.833 
1.75 
2.417 
0.333 
1.417 
0.833 
0.833 
2.417 
2.417 
0.333 
1.417 
0.833 
2.417 
0 
0 
0 
-0.5 
0.5 
0.833 
-0.833 
0.833 
1.167 
1.167 
-0.833 
-1.5 
-1.5 
1 
0 . 647 
0 . 508 
0.952 
0.670 
0.857 
0.895 
0.430 
0.404 
1.0 
0.380 
0.319 
0.199 
TABLE B-2 CONFIGURATION: COMBUSTION GAS, NO SIDE 
PLATE S , 
Afterbody 
0.485 
1.426 
2.367 
3.936 
4.877 
6.131 
7.543 
8.484 
9.425 
10 . 837 
12.248 
13.660 
15.072 
16.800 
18.522 
0.955 
0.955 
1.897 
3.465 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0.5 
-0.5 
-0.5 
-0.5 
0.244 
0.241 
0.229 
0.100 
0.0722 
0.0373 
0.0389 
0.0178 
0.0082 
0.0070 
0.0052 
0.0048 
0.0052 
0.0042 
0.0028 
0.179 
0.183 
0.235 
0.129 
REARWARD STEP AT NOZZLE EXIT 
Y3 = Nozzle Height 
Af terbody 
X/Y3 Z/Y3 PIP3 
4.406 -0.5 0.0890 
4.406 0.5 0.0817 
5.347 0.5 0.0623 
8.955 0.5 0.0185 
0.485 1.0 0.206 
2.367 -1.0 0.154 
3.465 1.0 0.100 
0.955 -1.5 0.0729 
3.465 -1.5 0.0524 
0.485 -2.5 0 
1.426 -2.5 0.0037 
2.367 -2.5 0.0115 
3.465 -2.5 0.0120 
4.877 -2.5 0.0183 
6.131 -2.5 0.0217 
8.484 -2.5 0.0067 
8.014  -0.5  .0242 
X/Y3 Z/Y3 pip3 
0.833 0 0.743 
1.75 0 . 0.530 
2.417 0 0.428 
0.333 -0.5 0.517 
1.417 0.5 0.604 
0.833 0.833 0.731 
2.417 0.833 0.302 
2.417 -0.833 0.295 
0.333 -1.167 0.519 
1.417 1.167 0.274 
0.833 -1.5 0.293 
2.417 -1.5 0.169 
4 
Kl 
TABLE B-3 CONFIGURATION:  COMBUSTION  GAS,  SHORT  SIDE PLATES, NO STEP AT NOZZLE E X I T  
. i-aL -  Nozzle CL 
Yg = Nozzle Heigh t  i 
IX 
I A f  terbody I X/Y3 Z/Y3 P/P3 
2.367 
3.936 
4.877 
6.131 
7.543 
8 -484 
9.425 
10.837 
13 . 660 
15 . 072 
3 -465 
5 . 347 
2 -367 
3 -465 
0 0.275 
0 0.227 
0 0.201 - 
0 0.134 
0 0.0610 
0 0 . 0428 
0 0 . 03.54 
0 0.0231 
0 0 . 0142 
0 0.0131 
-0.5 0.193 
0.5 0.171 
-1 .O 0.279 
1 . 0  0.152 
G o w l  
X/Y3 Z/Y3 P/P3 
0.833 0 1.0 
1.75 0 0.744 
2.417 0 0.533 
1.417 0.5 0.714 
TABLE B-4 CONFIGURATION: COMBUSTION GAS, LONG SIDE PLATES, NO STEP AT NOZZLE EXIT 
Nozzle CL 
Nozzle Y Height  
Afterbody 
X/Y3 zf  Y3 P/P3 
1.426 0 0.284 
2.367 0 0.295 
3 . 936 0 0.233,  0.234 
4.877 0 0.230 
6.131 0 0.161 
9.425 0 0.105 
10.837 0 0.0790 
13.660 0 0.0352 
3.465 -0.5 0.225 
4.406 0.5 0.255 
5.347 0.5 0.173 
3.465 1.0 0.207 
- 
TABLE B - 5  CONFIGURATION:  SUBSTITUTE GAS, SHORT SIDE PLATES, M = 2.4 NOZZLE 
Y3 = Nozzle  Height -  cL 
I Afterbodv I I Cowl I 
X/Y3  Z/Y3 P I P 3  
0.485 
1.426 
2.367 
3.936 
4.877 
6.131 
7 . 543 
8 . 484 
9.425 
3.465 
4.406 
2.367 
3.465 
0 0.275 
0 0.285 
0 0.280,  0.250 
0 0.235 
0 0.268,  0.265,  0.270 
0 0.183 
0 0.0825 
0 0 -0500 
0 0.0475 
-0.5  0.316 
0.5  0.320 
-1.0 0.320 
1.0 0.308.  . 10 
0.833 0 0.998 
1.75 0 0.683 
2.417 0 0.483,  0.503 
0.333 -0.5 0.945 
1.417 -0.5 0.685 
1.417 0.5 0.713 
0.833 0.833 0.868 
2.417 0.833 0.350 
0.333 1.167 1.18 
2.417  -0.833  0.420 
I= 
TABLE 
B 
m N 
03 
03 
B-6 CONFIGURATION: SUBSTITUTE GAS, SHORT SIDE PLATES, M = 2,55 NOZZLE 
Y = Nozzle v Height 
1 
J Ix 
A f  terbody 
X/Y3 Z/Y3 PIP3 
0.485 0 0.215 
1.426 0 0.178,  0.168 
2.367 0 0.235,  0.240 
3.936 0 0.215 
4.877 0 0.195,  0.195 
6.131 0 0.110 
7.543 0 0.0675 
8.484 0 0.06, 0.075 
9.425 0 0.0475 
0.955 -0.5 0.213 
0.955 0.5 0.195 
1.897 -0.5 0.183 
3.465 -0.5 0.195 
4.406 0.5 0.173 
4.406 -0.5 0 . 198 
3.465 1.0 0.198 
Cowl 
X/Y3 Z/Y3 P/P3 
0.833 0 0.723 
1.75 0 0.605 
2.417 0 0.513 
0.333 -0.5 0 . 703 
0.833 -0.833 1.36 
2.417 0.833 0.413 
2.417 -0.833 0.373 
0.333 1.167 0.765 
